ABSTRACT
SAŽETAK

Otkad su Rosenberg i saradnici otkrili antitumorsko delovanje cisplatine, upotreba metalnih kompleksa u lečenju raka izazvala je veliki interes. Danas su lekovi bazirani na platini deo standardne hemoterapije u lečenju raznih karcinoma, tumora matičnih ćelija, sarkoma i limfoma. Nažalost, toksič-nost i rezistencija glavne su prepreke za širu kliničku primenu tih lekova. Uprkos konzistentnoj brzini početnog odgovora
INTRODUCTION
Cancer is one of the most deadly diseases worldwide, and chemotherapy is a main strategy for the systemic treatment of cancer. Cancer patients are treated by repeated cycles of chemotherapy, but the clinical course in some patients is characterized by a series of relapses. Cisplatin was the first metal-based agent used in the clinics for the treatment of cancer. Platinum-based anticancer drugs are among the most potent chemotherapeutic agents for the treatment of various malignant tumours. At present, cisplatin, carboplatin, and oxaliplatin are the only metal-based anticancer agents in worldwide clinical use (1) . Platinum complexes are clinically used as adjuvant therapy of cancers aiming to induce tumour cell death (2) . Platinum-based drugs are used for the treatment of human and animal tumours and are currently indicated for ovarian, testicular, bladder, colorectal, non-small cell and small cell lung cancers, as well as melanomas, lymphomas, and myelomas (3). There are currently six platinum drugs with marketing approval in various regions throughout the world: cisplatin, carboplatin, oxaliplatin, nedaplatin, lobaplatin, and heptaplatin (3). Severe side effects, as well as drug resistance, have limited their clinical applications (4, 5) .
The World Health Organization classification of hematopoietic malignancies describes chronic lymphocytic leukaemia/small lymphocytic lymphoma (CLL/SLL) as a neoplasm composed of monomorphic small round to slightly irregular B lymphocytes in peripheral blood, bone marrow, spleen and lymph nodes, admixed with prolymphocytes and paraimmunoblasts forming proliferation centres in tissue infiltrates (6) . These two disorders are morphologically, phenotypically and genotypically indistinguishable, different only in the degree of peripheral blood lymphocytosis (7) . The term SLL is used for non-leukemic cases with the tissue morphology and immunophenotype of CLL, and SLL requires lymphadenopathy, no cytopenias due to bone marrow infiltration by CLL/SLL and less than 5 x 10 9 /L B lymphocytes in peripheral blood (6) . Chronic lymphocytic leukaemia is the most common type of leukaemia in the Western world, accounting for approximately 30% of all leukaemias (8) . Individuals over 65 years of age account for 40% of cases, but CLL is extremely rare below the age of 30 years. The overall incidence is approximately three per 100,000 per year. Studies on the racial and geographic distribution show that CLL is 20-30 times more common in white and black populations of Europe, Australasia and North America than in populations of India, China and Japan. The male/female ratio in all populations is approximately 1.5-2:1 (6).
In 70-80% cases, CLL is diagnosed as an incidental finding on a routine full blood count. A definitive diagnosis of CLL is based on the combination of a lymphocytosis and characteristic lymphocyte morphology and immunophenotype. The predominant cell is a small lymphocyte with a narrow border of scanty cytoplasm and a dense nucleus with partially aggregated chromatin and without recognizable nucleoli (perspectives). Gumprecht nuclear shadows, or smudge cells, found as cell debris, are characteristic findings in CLL (9) . CLL/SLL has a distinctive immunophenotype. Using flow cytometry, the tumour cells express dim surface IgM/IgD, CD5, CD19, CD20, CD22, CD23, CD43,CD79a and CD11c (weak); however, CD10 is negative, and FMC-7 and CD79b are usually negative or weakly expressed in typical CLL (6) . Unlike most other lymphoid malignancies, chromosomal translocations are rare in CLL/SLL but approximately 80% of the cases have cytogenetic abnormalities detected by FISH (10) . Approximately 50% of CLL show del 13q14.3, approximately 20% trisomy 12, deletions in 10-20% of 11q22-23, and less commonly, deletions in 17p13 and 6q21 (6, 10) . Somatic mutations of the Immunoglobulin Heavy Chain Variable (IGHV) genes are present in at least half of CLL patients, indicating that antigenic exposure may be relevant in the pathogenesis of CLL (11) .
The clinical course of B-CLL shows a marked heterogeneity from an indolent type without need for treatment for a long period, to a rapidly progressing disease that requires immediate therapy. The decision to treat a patient is mainly based on clinical and laboratory features indicating active and advanced disease. The Rai and Binet clinical staging systems are used to define disease extent and prognosis, and this definition is based on the extent of lymphadenopathy, splenomegaly, and hepatomegaly, measured by palpation, and anaemia and thrombocytopenia measured by blood cell counts (12, 13) . New biological prognostic factors have become important especially in the early stage (9) . The expression of ZAP-70 and CD38 are both associated with an adverse prognosis. Deletions of 11q22-23, 17p13 and 6q21 are associated with worse outcome, and isolated del 13q14.3 is associated with a more favourable clinical course (6) . Additional adverse predictive factors include a rapid lymphocyte doubling time in peripheral blood (<12 months) and serum markers of rapid cell turnover, including elevated thymidin kinase, sCD23 and β-2 microglobulin (9). Two subsets of CLL can be determined based on the presence or absence of somatic hypermutation by molecular sequencing methods (10) . Patients with unmutated IGVH tend to have more advanced disease stages and a more aggressive clinical course and tend to acquire high-risk cytogenetic alterations associated with CD38 and ZAP-70 expression (10) .
The standard first-line therapy includes a purine analogue-based combination (fludarabin, cladribine, and pentostatin) e.g., fludarabine, cyclophosphamide with or without rituximab or alkylating agent (chlorambucil in comorbid patients). The other protocol for CLL treatment includes steroids, vincristine, doxorubicine mitoxantrone and monoclonal antibodies (alemtuzumab) (14) . Investigations on the intrinsic ability of B-CLL cells to avoid apoptosis have been mainly centred on the Bcl-2 gene product, which is the overexpressed prototype antidote to apoptosis. Targeting the apoptotic pathways may provide a new therapeutic approach. Identifying a new agent with novel mechanism of action that complement cytotoxicity and fight the resistance will be necessary for the future therapy protocols.
Platinum -physical and chemical properties
Platinum is a transition metal located in the centre of the Periodic Table along with the other members of the group. These metals are less reactive than the typical metals (15) . Because of the small energy differences between the valence shells, a number of oxidation states occur: 0, +2, +4, and +5. Cisplatin is a simple neutral inorganic compound having square planar geometry and containing a Pt (II) centre bonded to two non-labile ammine ligands and two labile chloride ligands (4) .
When cisplatin enters the cell, it becomes aquated, meaning that the chloride ligands are exchanged for water. This is due to the lower concentration of NaCl in the cytoplasm compared to the blood plasma. The aquated molecule can cross-link DNA through a covalent coordinate bond to the nitrogen atom on guanine and also to a lesser extent, to adenine. This DNA damage prevents replication and transcription, which leads to apoptosis and cell death (16) .
History of platinum-based therapy
Cisplatin was first synthesized in the late nineteenth century, after being described in 1845 by Michele Peyrone but its anticancer properties were accidentally discovered by Barnett Rosenberg in the 1960s while he was studying the effects of electric fields on the growth of Escherichia coli bacteria (3). Rosenberg and his group found that the electric current itself had no effect on cell division, but the current was causing a chemical reaction dissolving platinum from the electrodes into the medium. Cisplatin was approved for use as an anticancer drug in the 1970s. At that time, researchers focused their attention on identifying organic molecules as new anticancer agents, so cisplatin expanded the drug testing with metalbased molecules.
Carboplatin is the second-generation platinum anticancer drug. This drug was developed as a less-toxic derivative of cisplatin; it is equally effective and is used as the platinum drug of choice in the treatment of ovarian cancers (15) . The main difference between carboplatin and cisplatin is the six-membered chelate ring that makes the drug less reactive and prone to hydrolase and thereby reduces some of the unwanted side reactions (15) . Carboplatin was approved for clinical use in treating tumours in the 1980s.
Oxaliplatin is the third-generation platinum-based anticancer drug and it was approved in the 1990s for the treatment of colorectal carcinoma. Oxaliplatin has a more complex structure than previous platinum-based anticancer drugs and is also effective against some tumours that have become resistant to cisplatin and carboplatin (15) .
Currently, there are many platinum-based drugs in various stages of clinical trials (3). Platinum (IV) complexes have greater inertness than the corresponding platinum (II) complexes. They have some advantages such as oral administration, reduced toxicity and a decrease in the amount of the complex that is lost or deactivated in the path to the target cell (17, 18) .
Platinum-based drugs -mechanism of action
The target of platinum-based drugs is nuclear DNA. Once cisplatin has been intravenously administered to the patient, it rapidly diffuses into tissues and is highly bound to plasma proteins (19) . The biochemical mechanism by which cisplatin crosses the cell membrane still remains unclear. Passive diffusion across the cellular membrane and active transport can both play a role in the cellular uptake of platinum-based antitumor drugs (4) . Early studies noted that cellular uptake of cisplatin was linear, concentration dependent, and nonsaturable, and passively transported across the cellular membrane (20) , whereas in higher concentration, endocytosis may contribute to cisplatin uptake (4, 20) . In the cytoplasm, many cellular components that have soft nucleophilic sites, such as cytoskeletal microfilaments, thiol-containing peptides and proteins and RNA, may react with cisplatin (19) . The most important non-DNA targets of cisplatin probably are the tripeptide glutathione and metallothioneins, and their binding has been associated with negative pharmacological properties including the development of resistance and toxicity (19) . The first step in activation of cisplatin is aquation, where a chloride leaving group is replaced by water. Subsequent displacement of this water allows the platinum to coordinate to a nitrogen atom in DNA. The N7 atoms of guanine and adenine that are located in the major groove of the double helix are the most accessible and reactive nucleophilic sites for platinum coordination to DNA (19) . Each platinum drug will bind two bases either through nucleosides on the same strand (intra-strand binding) or through individual bases on different strands (inter-strand binding) (19, 21) . Intrastrand binding causes the DNA helix to unwind and bend, preventing DNA transcription and replication. This DNA damage initiates apoptosis.
Recently, active/facilitated transport pathways, such as copper transporter (Ctr1), have been identified. A connection between copper and platinum trafficking is bidirectional cross-residence. Cells selected for resistance to high levels of copper were found to be resistant to platinum and vice versa. Human Ctr1 is a member of a highly conserved family of copper transporters that subdivide into three regions: 1) an extracellular N-terminal domain, 2) a membrane embedded domain composed of three transmembrane helices and 3) an intracellular C-terminal domain (4) . If the mechanism of cisplatin uptake involves endocytosis of the drug bound to Ctr1 and degradation of the cisplatin-Ctr1 complex, then additional steps are needed to complete the process; that is, cisplatin needs to be released from the endocytic vesicles into the cytosol or delivered to the nucleus, mitochondria, and microsomal compartments which are known to accumulate platinum after drug exposure. Endosome and lysosome compartments of mammalian contain a Ctr2 for the release of intracellular copper stores. Ctr2 has a large effect on the accumulation of cisplatin and carboplatin (4, 22) .
Platinum complexes, protein interaction and toxicity
Cisplatin and related compounds are known to bind to several classes of proteins, affecting aspects as diverse as structural, antioxidant, electron transfer, small molecule or iron transport, or DNA processing (23) . These interactions should be considered among the mechanism whereby platinum-containing drugs induce toxic side effects such as nausea, vomiting, fatigue, alopecia, haematological suppression, peripheral sensory neuropathy, renal damage, and others.
More than 95% of the cisplatin that enters a cell is estimated to bind to proteins and peptides, rather than to DNA (23) . Platinum-based anticancer drugs can bind to a range of proteins, especially at sulphur atoms, affecting their conformation and functions. One possible mechanism of resistance and toxicity induced by these drugs may be explained according to this interaction (23) . Cytotoxicity in cancer cells should always be viewed in relation to general toxicity and not be mistaken for anticancer activity.
Clinical resistance to platinum-based therapy
The major problem with platinum-based anticancer therapy is that cancer cell exposure to the drugs causes resistance, and tumours stop responding. Increasing the dose will increase the toxicity but not gain any antitumour effect (16) . The resistance mechanism is multifactorial, and several causes have been proposed. From the molecular point of view, the resistance can be caused mainly in three ways (16) . First, the cell can block the influx of the drug. Second, if the drug does enter, the cells can efflux it back outside or block it from reaching the target. Third, if the drug reaches the DNA, it can be removed by a repair system (2) .
The pathway controlling the copper homeostasis in the cell becomes interesting when the cisplatin-resistant cancer cells show an over-expression of the copper transporting protein (Ctr1). Ctr1 is the main copper uptake transporter in human cells. It is positioned in the cell membrane where a central pore that functions as a canal has been formed. Studies of crystallized Ctr1 with electron microscopy showed a series of rings of methionines, histidines, and cysteines lingering on the inside of the pore to facilitate copper transport (16) . Later studies have discovered a second potential copper transporter, Ctr2 (24). Ctr2 is not located in the plasma membrane like Ctr1 but is located mostly in the membranes of the intracellular compartments (16) . Atox 1 is a copper chaperone that transports copper from Ctr1 to ATP7A/B (16). ATP7A and ATP7B are two homologous copper ATPases in human cells located at the trans-Golgi network. They use the energy of the ATP hydrolysis to transport Cu from the cytosol across the cellular membranes. More than likely, this is an indirect process. Several studies have shown the importance of the Ctr1 in cisplatin drug uptake, regulation of the cellular accumulation, and cytotoxicity. The overexpression of Ctr1 is found to sensitize cells to the toxic effects of platinum agents (16) . After Ctr1 and ATP7A/B were found to mediate cisplatin resistance, Atox 1 has gained interest in case of platinum anticancer drugs resistance. The cells resistant to cisplatin had elevated levels of ATP7B, which suggest that copper ATPases are involved in resistance to platinum anticancer drugs.
Cisplatin and carboplatin generate mutual cross-resistant cells, but oxaliplatin-resistant cells are often not crossresistant to cisplatin, pointing to a different mechanism of action. Cisplatin resistance occurs intrinsically (e.g., colon carcinomas) or is acquired (e.g., ovarian carcinomas), and some cancers show no tendency to acquire resistance at all (e.g., testicular cancer) (25) . Platinum drugs have been found to overcome resistance in cell lines but have failed in clinics (26) .
Cisplatin induced cell death pathways
DNA damage and subsequent induction of apoptosis may be the primary cytotoxic mechanism of cisplatin (27) . Apoptosis is a built-in cell suicide program that serves to eliminate cells in the organism that are no longer needed or have sustained severe damage (28) . Apoptosis is mediated by caspases, a specialized family of aspartatespecific cysteine proteases. The caspase death effector machinery is negatively controlled by members of the Bcl-2 family. Several independent functions of Bcl-2 have been demonstrated, including the abrogation of the mitochondrial release of caspase-activating factors (such as cytochrome c), the modulation of antioxidant pathways and the regulation of calcium homeostasis (29) . There are two separate mechanisms that occur in apoptosis: the extrinsic pathway, activated by pro-apoptotic receptor signals at the cellular surface, and the intrinsic pathway, activated by mitochondrial signals (28) . Conventional anticancer therapy seems to stimulate apoptosis primarily via the intrinsic pathway. The Bcl-2 proteins play important roles in the intrinsic pathway, and their elimination resulted in the prolonged survival and rapid loss of leukaemia cells (29) .
A critical checkpoint for the activation of the intrinsic pathway is the tumour-suppressor p53 protein, a tran-scription factor that is considered a 'guardian of the genome' . P53 has multiple functions, including cell-cycle control in response to DNA damage, induction of apoptosis, and DNA repair (30) . Recent evidence suggests that genes that regulate apoptotic cell death may play a role in determining the sensitivity of tumour cells to chemotherapy (30) . Inactivation of p53 is among the most common mutations, occurring in over half of cancers, and provides a key resistance mechanism that helps cancer to avoid apoptosis (28) . Several studies have shown that sensitivity to cisplatin usually correlates with the presence of wild type p53, whereas the lack of functional p53 is related to cisplatin resistance (19) .
There are four basic DNA repair pathways: nucleotide excision repair, base excision repair, mismatches repair and double-strand break repairs (31) . Each pathway has its own set of proteins that function entirely independently of the other pathways. ERCC1 is an excision nuclease within the nucleotide excision repair pathway. ERCC1 is essential to life, and well preserved through nature (31) . Cancer cell that express higher levels of ERCC1, also show higher resistance to platinum drug exposure (31), whereas higher levels of ERCC1 in CLL cells are accompanied with resistance to alkylating agents (33) .
CONCLUSION
In spite of the widespread success of cisplatin, the search continues for new platinum drugs. This has been motivated by the desire to improve upon the clinical performance of cisplatin. The side effects associated with cisplatin treatment can be severe and may include toxicity to the kidney and nervous system. The goal is to obtain a compound with better activity and less toxicity than cisplatin (32). Rosenberg`s original experiment identified both platinum (II) and platinum (IV) species as possessing anticancer activity. In spite of this fact, the vast majority of research since then has focused on platinum (II) compounds. Recognition of the enormous potential that platinum (IV) compounds possess as anticancer agents in term of high activity, low toxicity, and perhaps the ability to be effective oral agents, has revived research in this area (32) . An interesting therapeutic approach is the combination of cisplatin with two or more non-platinum antitumor drugs. An alternative approach in the treatment of fludarabineresistant CLL is the inclusion of platinum-based therapy in protocols (34) . Cisplatin and oxaliplatin have a synergistic cytotoxic effect with fludarabine on CLL cells (35, 36) . However, platinum-based therapy increases the risk of haematological toxicity in patients with hematopoiesis that is already compromised.
Further studies are needed for the development of new generations of more efficient platinum-based anticancer drugs that will show better clinical activity and lower toxicity than the currently used platinum-based agents, even in multidrug-resistant cancers such as CLL.
